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1
SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s based upon and claims the benefit of
priority from Japanese Patent Application No. 2019-048043,
filed on Mar. 15, 2019, the entire contents of which are

incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a semi-
conductor device.

BACKGROUND

A semiconductor element such as a transistor or a diode
1s used 1n a circuit such as a switching power-supply circuit
or an inverter circuit. Such semiconductor elements need a
high breakdown voltage and low on-resistance. With respect
to a relationship between a breakdown voltage and on-
resistance, there 1s a trade-ofl relationship determined
depending on an element matenal.

By progress in technology development, low on-resis-
tance close to a limit of silicon that 1s a main element
material 1s realized with respect to a semiconductor element.
To turther improve a breakdown voltage or to further reduce
on-resistance, 1t 1s necessary to change an element material.
By using a nitride semiconductor such as a gallium nitride
or an aluminum gallium nitride as an element material of a
semiconductor element, 1t 1s possible to improve a trade-oft
relationship determined depending on the element material.
Thus, 1t 1s possible to improve a breakdown voltage or to
reduce on-resistance of a semiconductor element signifi-
cantly.

A gate-to-drain charge amount standardized by on-resis-
tance R_, , Q.. 1s known as a characteristic index of switch-
ing efliciency of a transistor using a nitride semiconductor.
It 1s necessary to lower R_, Q.5 1n order to improve
switching etliciency.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic sectional view of a semiconductor
device of a first embodiment.

FIG. 2 1s a schematic sectional view of a semiconductor
device of a second embodiment.

FIG. 3 1s a schematic sectional view of a semiconductor
device of a third embodiment.

FIG. 4 1s a schematic sectional view of a semiconductor
device of a fourth embodiment.

FIG. 5 1s a schematic sectional view of a semiconductor
device of a fiftth embodiment.

FIG. 6 1s a schematic sectional view of a semiconductor
device of a sixth embodiment.

FIG. 7 1s a graph for describing a function and an effect
of an embodiment.

FIG. 8 1s a graph for describing a function and an effect
of an embodiment.

DETAILED DESCRIPTION

A semiconductor device of an embodiment includes a first
nitride semiconductor layer; a second nitride semiconductor
layer placed on the first nitride semiconductor layer, the
second nitride semiconductor layer having a larger bandgap
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2

than the first nitride semiconductor layer; a first electrode
placed on the second nitride semiconductor layer, the first

clectrode being electrically connected to the first nitride
semiconductor layer; a second electrode placed on the first
nitride semiconductor layer, the second electrode being
clectrically connected to the first nitride semiconductor
layer; a gate electrode placed between the first electrode and
the second electrode; a first field plate electrode placed on
the second nitride semiconductor layer, the first field plate
clectrode having the same height as the gate electrode; and
a second field plate electrode provided on an upper side of
the first field plate electrode, the second field plate electrode
being placed on a side of the second electrode compared to
the first field plate electrode.

In the following, embodiments of the present disclosure
will be described with reference to the drawings. Note that
in the following description, the same sign 1s assigned to
identical or similar members and there 1s a case where a
description of a member described once 1s omitted.

In the present description, a “nitride semiconductor layer”
includes a “GaN-based semiconductor.” The “GaN-based
semiconductor” 1s a general term of a semiconductor includ-
ing a gallium nitride (GaN), an aluminum nitride (AIN), an
indium nitride (InlN), and intermediate compositions thereof.

In the present description, “undoped” means that an
impurity concentration is equal to or lower than 2x10'°
cm™.

In the present description, an upper direction in a drawing,
1s described as an “upper side” and a lower direction 1n the
drawing 1s described as a “lower side” 1n order to indicate a
positional relationship between parts or the like. In the
present description, concept of the “upper side” and the
“lower si1de” 1s not necessarily a term indicating a relation-
ship with a direction of gravity.

First Embodiment

A semiconductor device of the first embodiment includes:
a first nitride semiconductor layer; a second nitride semi-
conductor layer placed on the first nitride semiconductor
layer, the second nitride semiconductor layer having a larger
bandgap than the first nitride semiconductor layer; a first
clectrode placed on the first nitride semiconductor layer, the
first electrode being electrically connected to the first nitride
semiconductor layer; a second electrode placed on the first
nitride semiconductor layer, the second electrode being
clectrically connected to the first nitride semiconductor
layer; a gate electrode placed between the first electrode and
the second electrode; a first field plate electrode placed on
the second nitride semiconductor layer, the first field plate
clectrode having the same height as the gate electrode; and
a second field plate electrode placed between the first field
plate electrode and the second electrode.

FIG. 1 1s a schematic sectional view of a semiconductor
device of the first embodiment. The semiconductor device 1s
a high electron mobility transistor (HEMT) 100 using a
(GaN-based semiconductor.

The HEMT 100 includes a substrate 1, a builer layer 2, a
channel layer 3 (first nitride semiconductor layer), a barrier
layer 4 (second nitride semiconductor layer), a source elec-
trode 5 (first electrode), a gate electrode 6, a drain electrode
7 (second electrode), a first field plate electrode 8, a second
field plate electrode 9, a third field plate electrode 10, and an
interlayer insulation layer 11.

The substrate 1 includes silicon (S1), for example. Other
than silicon, sapphire (Al,O;) or silicon carbide (S1C) can be
applied, for example.
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The bufler layer 2 1s provided on the substrate 1. The
builer layer 2 has a function of reducing a lattice mismatch
between the substrate 1 and the channel layer 3. The bufler
layer 2 includes, for example, a multi-layer structure of an
aluminum galhum nitride (Al Ga,_ N (O<IW-==1))

The channel layer 3 1s provided on the buller layer 2. The
channel layer 3 1s also called an electron transit layer. The
channel layer 3 1s, for example, an undoped aluminum
gallium nitride (Al,Ga, N (O-::X<:1)) More specifically, for
example, the channel layer 3 1s an undoped gallium nitride
(GaN). A thickness of the channel layer 3 1s, for example,
equal to or larger than 0.1 um and equal to or smaller than
10 um. A thickness in embodiments 1s a length (height) of
cach of members including the channel layer 3 1in a laminate
direction of the channel layer 3 and the barner layer 4.

The barrier layer 4 1s provided on the channel layer 3. The
barrier layer 4 1s also called an electron supply layer. A
bandgap of the barrier layer 4 1s larger than a bandgap of the
channel layer 3. The barrier layer 4 1s, for example, an
undoped aluminum gallium nitnde (Al,Ga,_ ;NN (0<Y=xl,
X<Y)). More specifically, for example, the barrier layer 4 1s
undoped Al, ,-Ga, -:N. A thickness of the barrier layer 4 1s,
for example, equal to or larger than 2 nm and equal to or
smaller than 100 nm.

There 1s a hetero junction interface between the channel
layer 3 and the barrier layer 4. Two-dimensional electron gas
(2DEG) 1s formed in the hetero junction interface and
becomes a carrier of the HEMT 100.

The first electrode 5 1s, for example, a source electrode.
The source electrode 5 1s provided above the channel layer
3 and the barrier layer 4. The source electrode 3 1s electri-
cally connected to the channel layer 3 and the barrier layer
4. For example, the source electrode 5 1s directly 1n contact
with the barrier layer 4.

The source electrode 5 1s, for example, a metallic elec-
trode. The source electrode 3 1s, for example, a laminate
structure of titanium (11) and aluminum (Al). It 1s preferable
that the source electrode 5 and the barrier layer 4 are 1n an
ohmic contact.

The gate electrode 6 1s provided above the channel layer
3 and the barrier layer 4. The gate electrode 6 1s electrically
connected to the channel layer 3 and the barrier layer 4. For
example, the gate electrode 6 1s directly 1n contact with the
barrier layer 4. The gate electrode 6 1s provided between the
source electrode 5 and the drain electrode 7.

The gate electrode 6 1s, for example, a titanium nitride
(TiN).

It 1s also possible to configure a semiconductor device 100
as a metal msulator semiconductor (MIS)-type HEMT by
providing a gate msulation film (not illustrated) between the
gate electrode 6 and the barrier layer. A gate msulation layer
1s, for example, oxide or oxynitride. The gate insulation
layer 1s, for example, a silicon oxide, an aluminum oxide, a
silicon oxynitride, or an aluminum oxynitride.

The drain electrode 7 1s provided above the channel layer
3 and the barrier layer 4. The drain electrode 7 1s electrically
connected to the channel layer 3 and the barrier layer 4. For
example, the drain electrode 7 1s 1n contact with the barrier
layer 4.

The drain electrode 7 1s, for example, a metallic electrode.
The drain electrode 7 1s, for example, a laminate structure of
titanium (11) and aluminum (Al). It 1s preferable that the
drain electrode 7 and the barrier layer 4 are 1n an ohmic
contact.

A distance between the source electrode 5 and the drain
clectrode 7 1s, for example, equal to or longer than 5 um and
equal to or shorter than 30 um.
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Note that the source electrode 5 and the drain electrode 7
can have a structure of being 1n contact with the channel
layer 3 directly.

The first field plate electrode 8 1s placed on the barrier
layer 4. It 1s preferable that the first field plate electrode 8 has
the same height as the gate electrode 6. The height of the
gate electrode 6 1s a distance (d1) from the channel layer 3
to an upper surface (surface on opposite side of channel
layer 3 side) of the gate electrode 6, and the height of the first
field plate electrode 8 1s a distance (d2) from the channel
layer 3 to an upper surface (surface on opposite side of
channel layer 3 side) of the first field plate electrode 8. When
|d1-d21/(d1+d2)=0.05 1s satistied, the height of the first field
plate electrode 8 and the height of the gate electrode 6 are
the same.

The first field plate electrode 8 1s electrically connected
with the source electrode 5. The first field plate electrode 8
reduces an electric field 1n a lateral direction. Although the
first field plate electrode 8 1s directly 1n contact with the
barrier layer 4 in FIG. 1, a layer not illustrated in FIG. 1 may
be provided between the barrier layer 4 and the first field
plate electrode 8. The first field plate electrode 8 1s physi-
cally spaced apart from the gate electrode 6 and the drain
clectrode 7. The first field plate electrode 8 1s placed between
the gate electrode 6 and the drain electrode 7.

In order to make the first field plate electrode 8 and the
gate electrode 6 have the same height, the gate electrode 6
and the first field plate electrode 8 are preferably metallic
films formed 1n the same process. That 1s, the first field plate
clectrode 8 preferably are the same conductive material and
the same thickness as the gate electrode 6.

In a case of seen 1n a thickness direction of the substrate,
the second field plate electrode 9 1s provided on an upper
side of the first field plate electrode 8, and at least a part
thereol 1s placed on a side of the drain electrode 7 compared
to the first field plate electrode 8. The second field plate
clectrode 9 1s placed 1n a manner of being spaced apart from
the channel layer 3 and the barrier layer 4. The second field
plate electrode 9 reduces an electric field 1in the lateral
direction. An interlayer insulation film 11 1s placed between
the second field plate electrode 9 and the barrier layer 4. The
second field plate electrode 9 has the same potential as the
source electrode 5. A thickness of the second field plate
clectrode 9 1s ten times or more of the thickness of the first
field plate electrode 8. The second field plate electrode 9 1s
clectrically connected with the source electrode 5.

By combination of the first field plate electrode 8 and the
second field plate electrode 9, 1t 1s possible to reduce
gate-to-drain capacitance while reducing source-to-drain
clectric field concentration.

The thard field plate electrode 10 1s electrically connected
with the source electrode 5, extended 1n a direction of the
drain electrode 7, and placed on an upper side of the gate
clectrode 6. The third field plate electrode 10 reduces an
clectric field 1n the lateral direction. The third field plate
clectrode 10 has the same potential as the source electrode
5. The gate electrode 5, the first field plate electrode 8, and
the second field plate electrode 9 are placed between an
extended part of the third field plate electrode 10 and the
second nitride semiconductor layer 4. In the laminate direc-
tion of the channel layer 3 and the barrier layer 4, the second
field plate electrode 9 1s placed between the first field plate
clectrode 8 and the third field plate electrode 10. An end
surface on a side of the drain electrode 7 of the third field
plate electrode 10 1s placed on the side of the drain electrode
7 compared to an end surface on the side of the drain
clectrode 7 of the second field plate electrode 9.
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The first to third field plate electrodes of the embodiment
are not directly connected to each other in the cross section
illustrated in FIG. 1. The cross section 1illustrated in FIG. 1
1s a surface 1n parallel with the thickness direction of the
substrate 1 (surface vertical to surface on side of barrier
layer 4 of channel layer 3 including line segment extending
from source electrode 3 to drain electrode 7), and 1s a surface
including the gate electrode 6, the first field plate electrode
8, and the second field plate electrode 9. The source elec-
trode 5 1s connected to a source pad (not illustrated). The
ficld plate electrodes described in the embodiment are
connected, for example, to the source pad.

The interlayer mnsulation film 11 1s, for example, oxide or
nitride. The interlayer insulation film 11 1s, for example, a
s1licon oxide (S10,), a silicon nitride (SiN), a high-dielectric
constant (high-k) material, or the like. As the high-k mate-
rial, there 1s a hatnium oxide (H1O,) or the like.

A kind of an element and an element concentration 1n a
semiconductor layer or a semiconductor region can be
measured, for example, by secondary 10n mass spectrometry
(SIMS) or energy dispersive x-ray spectroscopy (EDX).
Also, a relative level of an element concentration can be also
determined from a level of a carrier concentration acquired
by scanning capacitance microscopy (SCM). Also, a dis-
tance such as a depth, a thickness, a width, or an interval of
an 1mpurity region can be acquired, for example, by SIMS.
Also, a distance such as a depth, a thickness, a width, or an
interval of an i1mpurity region can be acquired from a
comparison 1mage of an SCM 1mage and an atom probe
1mage.

(Gate-to-drain capacitance 1s decreased and electric field
concentration 1s reduced compared to a comparison form
with no first field plate electrode 8 and no second field plate
clectrode 9.

Second Embodiment

A semiconductor device of the second embodiment 1s a
modification example of the semiconductor device of the
first embodiment. A schematic sectional view ol a semicon-
ductor device 101 of the second embodiment 1s 1llustrated 1n
FIG. 2. The semiconductor device 101 of the second
embodiment 1s in common with the semiconductor device
100 of the first embodiment except for a point that an
insulation film 12 i1s included on a first field plate electrode
8. In an embodiment including a modification example of
the first embodiment, a part or whole of a changed or added
configuration can be adopted to a different embodiment.

In the cross section 1 FIG. 1 or FIG. 2, a first field plate
clectrode 8 and a second field plate electrode 9 become a
stairs-like field plate electrode when being 1n contact with
each other, and electric field concentration can be reduced.
However, since corresponding to a comparison form with no
first field plate electrode 8, this 1s not preferable 1n terms of
reduction of gate-to-drain capacitance. Thus, by providing
the insulation film 12 on the first field plate electrode 8, it 1s
possible to more securely separate the first field plate
clectrode 8 and the second field plate electrode 9 1n the cross
section 1 FIG. 2. Note that in a case where the msulation
film 12 1s not provided, the first field plate electrode 8 and
the second field plate electrode 9 are separated from each
other by an interlayer msulation film 11 1n a manner of FIG.
1. A distance between the first field plate electrode 8 and the
second field plate electrode 9 1n a laminate direction of a
channel layer 3 and a barrier layer 4 1s preferably equal to
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or longer than 0.05 um and equal to or shorter than 0.5 um
regardless of existence/non-existence of the msulation film
12.

A positional relationship between a gate electrode 6, a first
field plate electrode 8, and a second field plate electrode 9
including a case of the second embodiment will be described
with the semiconductor device 101 of the second embodi-
ment as an example. In FIG. 2, a distance between conduc-
tive members and a width of each conductive member 1n a
direction from a source electrode 5 toward a drain electrode
7 are indicated by signs d3 to d8. A distance d3 1s a distance
between the first field plate electrode 8 and the drain
clectrode 7 A distance d4 1s a width of the first field plate
clectrode 8 1n the direction from the source electrode 5
toward the drain electrode 7. A distance d5 1s a distance
between the gate electrode 6 and the first field plate electrode
8. A distance dé6 1s a distance between the second field plate
clectrode 9 and the drain electrode 7 1n the direction from the
source electrode 5 toward the drain electrode 7. A distance
d7 1s a width of the second field plate electrode 9 in the
direction from the source electrode 5 toward the drain
clectrode 7. A distance d8 1s a distance between the second
field plate electrode 9 and the gate electrode 6 in the
direction from the source electrode 5 toward the drain
clectrode 7. A distance d9 1s a distance between the gate
clectrode 6 and the drain electrode 7.

In terms of reduction of a peak 1n a gate-to-drain electric
field, 1t 1s preterable that the distance d3 and the distance dé
satisly a relationship of d3>d6. From the same point of view,
it 1s more preferable that the distance d3 and the distance dé
satisty a relationship of d3>1.1d6. When the distance dé6 1s
too short, an electric field 1s likely to concentrate on an end
part on a side of the drain electrode 7 of the second field
plate electrode 9. Thus, the distance dé 1s preferably equal
to or longer than 2.0 um and equal to or shorter than 20 um.
Also, when the distance d9 between the gate electrode 6 and
the drain electrode 7 1s a reference, 0.7d9=d6<0.9d9 1s
preferably satisfied 1n terms of reduction of Cgd.

The distance d4 and the distance d7 preferably satisty a
relationship of d4>d7 1n terms of reduction of a peak in a
gate-to-drain electric field. From the same point of view, a
relationship of d4>1.5d7 1s preferably satisfied. In terms of
reduction of Cgd, the distance d4 is preferably equal to or
longer than 1.0 m and equal to or shorter than 6.0 um. From
the same point of view, the distance d4 1s more preferably
equal to or longer than 2.0 um and equal to or shorter than
5.0 um.

In terms of reduction of a peak 1n a gate-to-drain electric
field, the distance d5 preferably satisfies 0.0 um<d3=10 um.
From the same point of view, the distance dS preferably
satisfies 0.5 um<d3=3.0 um.

In terms of reduction of a peak 1n a gate-to-drain electric
field, the distance d8 preferably satisfies 0.1 um<td8<2.5 um.
The distance d5 and the distance d8 may satisiy a relation-
ship of d5>d8 or may satisiy a relationship of d5=d8. That
1s, an end surface on a side of the gate electrode 6 of the
second field plate electrode 9 may be placed on the side of
the gate electrode 6 compared to an end surface on the side
of the gate electrode 6 of the first field plate electrode 8.

The first field plate electrode 8 and the second field plate

clectrode 9 may overlap with each other at least 1n a part 1n
the laminate direction of the channel layer 3 and the barrier
layer 4. When overlapping with each other in the laminate
direction of the channel layer 3 and the barrier layer 4, the
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first field plate electrode 8 and the second field plate elec-
trode 9 satisiy a relationship of (d4+d35)>d8.

Third Embodiment

A semiconductor device of the third embodiment 1s a
modification example of the semiconductor device of the
first embodiment. In FIG. 3, a schematic sectional view of
a semiconductor device 102 of the third embodiment is
illustrated. The semiconductor device 102 of the third
embodiment 1s 1n common with the semiconductor device of
the first embodiment except for a point that a first conductive
layer 13 and a second conductive layer 14 are included on
a gate electrode 6 and a first field plate electrode 8 has a
stairs-like shape.

The first conductive layer 13 1s placed on the gate
clectrode 6 and 1s electrically connected with the gate
clectrode 6. The first conductive layer 13 1s a contact of the
gate electrode 6 and the second conductive layer 14. In the
sectional view 1n FIG. 3, the first conductive layer 13 1s
clectrically and directly connected with the gate electrode 6
and the second conductive layer 14. The first conductive
layer 13 1s placed between the gate electrode 6 and the
second conductive layer 14. A distance between the first

conductive layer 13 and the drain electrode 7 1s equal to or
longer than a distance d9 between the gate electrode 6 and
the drain electrode 7. A width of the first conductive layer 13
(distance 1n direction from source electrode 5 toward drain
clectrode 7) 1s narrower than a width of the gate electrode 6.
For example, the width of the first conductive layer 13 15 0.5
times or narrower of the width of the gate electrode 6.

The first conductive layer 13 1s, for example, a metallic
layer. The first conductive layer 13 1s, for example, alumi-
num. Electrical resistivity (£2m ohm-m) of the first conduc-
tive layer 13 1s lower than electrical resistivity (€£2m ohm-m)
of the gate electrode 6. Since the first conductive layer 13
has lower resistance than the gate electrode 6, electrical
resistance of whole members from the gate electrode 6 to the
second conductive layer 14 can be reduced. The electrical
resistivity (£2m ohm-m) of the first conductive layer 13 1s
preferably a half or lower of the electrical resistivity (2m
ohm-m) of the gate electrode 6 in terms of reduction of the
resistance.

The second conductive layer 14 1s placed on the first
conductive layer 13 and 1s electrically connected with the
first conductive layer 13. In the sectional view 1n FIG. 3, the
second conductive layer 14 1s electrically and directly con-
nected with the first conductive layer 13. The second con-
ductive layer 14 1s placed between the third field plate
clectrode 10 and the first conductive layer 13. A distance
between the second conductive layer 14 and the drain
clectrode 7 1s equal to or longer than the distance d9 between
the gate electrode 6 and the drain electrode 7.

The second conductive layer 14 1s, for example, a metallic
layer. The second conductive layer 14 1s, for example,
aluminum. Flectrical resistivity (£2m ohm-m) of the second
conductive layer 14 1s lower than electrical resistivity (£2m
ohm-m) of the gate electrode 6. Since the second conductive
layer 14 has lower resistivity than the gate electrode 6,
clectrical resistance 1n whole members from the gate elec-
trode 6 to the second conductive layer 14 can be reduced.
Electrical resistivity (£2m ohm-m) of the first conductive
layer 13 and electrical resistivity (£2m ohm-m) of the second
conductive layer 14 1s preferably a half or less of the
clectrical resistivity (£2m ohm-m) of the gate electrode 6 1n
terms of reduction of resistance.
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By providing the first conductive layer 13 and the second
conductive layer 14, 1t 1s possible to acquire a good electric
field distribution while reducing Q ;.. End surfaces on a side
of the drain electrode 7 of the first conductive layer 13 and
the second conductive layer 14 are placed on a side of the
source electrode 5 compared to an end surface on the side of
the drain electrode 7 of the gate electrode 6. That 1s, no field
plate electrode 1s provided in the gate electrode 6. It 1s
possible to control a peak 1n a gate-to-drain electric field by
adopting a gate field plate. However, gate-to-drain capaci-
tance 1s increased. By adopting a configuration of an electric
field embodiment, 1t 1s possible to control a peak in a
gate-to-drain electric field and to further reduce Q5. It 1s
possible to control electric field concentration by controlling
a peak 1n the gate-to-drain electric field. The semiconductor
device 102 has a superior switching characteristic since a
peak in the gate-to-drain electric field 1s reduced and Q. 1s
low.

A thickness (distance 1n direction from channel layer 3
toward barrier layer 4) of the second conductive layer 14 1s
preferably ten times or more of a thickness of the gate
clectrode 6. By using the second conductive layer 14 having
enough thickness with respect to the gate electrode 6,
resistance between the second conductive layer 14 and the
gate electrode 6 1s reduced.

When a width (distance 1n direction from source electrode
5 toward drain electrode 7) of the second conductive layer
14 1s narrow, an eflect of reducing resistance 1s small. Thus,
it 1s preferable that an end surface on the side of the source
clectrode 5 of the second conductive layer 14 1s placed on

the side of the source electrode 5 compared to an end surface
on the side of the source electrode 5 of the gate electrode 6.

Fourth Embodiment

A semiconductor device of the fourth embodiment 1s a
modification example of the semiconductor device of the
first embodiment. In FIG. 4, a schematic sectional view of
a semiconductor device 103 of the fourth embodiment is
illustrated. The semiconductor device 103 of the fourth
embodiment 1s in common with the semiconductor device of
the first embodiment except for a point that a third nitride
semiconductor layer 15 1s included between a gate electrode
6 and a barrier layer 4 and a fourth field plate electrode 16
1s 1cluded between a second field plate electrode 9 and a
drain electrode 7.

The third nitride semiconductor layer 15 1s a p-type
impurity-doped nitride semiconductor layer and 1s, for
example, p-type AlGaN. Since the p-type semiconductor
layer 1s provided under the gate electrode 6 of the semicon-
ductor device 103, a channel right under the gate 1s depleted
when a gate voltage 1s 0 V. With this form, the semicon-
ductor device 103 can realize a normally-ofl operation.
Since the third nitride semiconductor layer 15 1s a thin layer
having an extremely small thickness (such as one several
tenths) compared to the gate electrode 6, the sum of the
thickness of the third nitride semiconductor layer 135 and that
of the gate electrode becomes equivalent to a thickness of a
first field plate electrode 8.

Also, the fourth field plate electrode 16 may be further
provided between the second field plate electrode 9 and the
drain electrode 7. It 1s possible to further reduce electric field
concentration by providing the fourth field plate electrode
16.

Since a normally-ofl operation becomes possible 1 addi-
tion to reduction of gate-to-drain capacitance, the semicon-
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ductor device 103 of the fourth embodiment 1s preferable 1n
terms of improvement 1n switching efliciency.

Fifth Embodiment

A semiconductor device of the fifth embodiment 1s a
modification example of the semiconductor device of the
first embodiment. In FIG. 5, a schematic sectional view of
a semiconductor device 104 of the fifth embodiment 1is
illustrated. The semiconductor device 104 of the fifth
embodiment 1s 1n common with the semiconductor device
100 of the first embodiment except for a point that a trench
(recess) a bottom surface of which 1s placed 1n a channel
layer 3 1s included, a gate insulation film 17 1s further
included between a gate electrode 6 and a barrier layer 4, and
the gate electrode 6 1s placed 1n the trench. Since the bottom
surface of the trench 1s placed in the channel layer 3,
two-dimensional electron gas under the gate electrode 6
disappears. With this form, the semiconductor device 104
can realize a normally-off operation. Even in the fifth
embodiment having a gate electrode 6 with a different
structure, a peak 1n a gate-to-drain electric field and gate-
to-drain capacitance are reduced and the semiconductor
device 104 having a superior switching characteristic can be

provided similarly to the first embodiment.

Sixth Embodiment

The sixth embodiment relates to a semiconductor device.
The semiconductor device of the sixth embodiment 1s par-
tially 1n common with that of the first embodiment. In FIG.
6, a schematic sectional view of a semiconductor device 105
of the sixth embodiment 1s illustrated. The semiconductor
device 105 of the sixth embodiment includes a substrate 1,
a bufler layer 2, a channel layer 3, a barrier layer 4, a source
clectrode 35, a gate electrode 6, a drain electrode 7, a first
field plate electrode 8, and an interlayer insulation layer 11.
In terms of reduction of gate-to-drain capacitance, the first
field plate electrode 8 1s provided 1n such a manner as to be
in contact with the barrier layer 4 directly. The first field
plate electrode 8 1s placed between the gate electrode 6 and
the drain electrode 7 1n a direction from the source electrode
5 toward the drain electrode 7 and 1s directly 1n contact with
the barrier layer 4. Although a second field plate electrode 9
described 1n a different embodiment also has an effect of
reducing gate-to-drain capacitance, gate-to-drain capaci-
tance can be reduced more in a semiconductor device having,
a form 1n which a first field plate electrode 8 i1s provided
without a second field plate electrode 9 than 1n a semicon-
ductor device having a form 1n which a second field plate
clectrode 9 1s provided without a first field plate electrode 8.

A whole surface facing the barrier layer 4 of the first field
plate electrode 8 1s preferably 1n contact with the barrier
layer 4 directly.

In terms of reduction of gate-to-drain capacitance, a
height of the first field plate electrode 8 1s preferably the
same as a height of the gate electrode 6. A preferable
condition of a position of the first field plate electrode 8, or
the like 1s 1n common with that of the first embodiment.

It 1s preferable to reduce an electric field 1mn a lateral
direction, for example, by providing a different field plate
clectrode other than the first field plate electrode 8. Even 1n
a case where a different field plate electrode 1s provided, 1t
1s preferable to reduce gate-to-drain capacitance and to
improve a switching characteristic with the first field plate
clectrode 8 placed between the gate electrode 6 and the drain
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clectrode 7, the first field plate electrode 8 being 1n contact
with the barrier layer 4 directly.

In FIG. 7 and FIG. 8, graphs for describing a function and
an eflect of an embodiment are 1illustrated. In FIG. 7 and
FIG. 8, simulation results of a comparison form and an
embodiment are illustrated. FIG. 7 1s a graph 1llustrating a
relationship between Q,, (vertical axis) and V . (horizontal
axis). FIG. 8 1s a graph 1llustrating an electric field distri-
bution (vertical axis) in a direction from a gate electrode 6
toward a drain electrode 7 (horizontal axis). A solid line
indicates a characteristic of the semiconductor device 100 of
the first embodiment. A dashed-dotted line indicates a char-
acteristic of a semiconductor device that 1s a semiconductor
device 100 from which a first field plate electrode 8 and a
second field plate electrode 9 are omitted (comparison
form). A broken line indicates a characteristic of a semicon-
ductor device that 1s a semiconductor device 100 from which
a first field plate electrode 8 1s omitted (comparison form).
A dashed-two dotted line illustrated 1n FIG. 8 indicates a
characteristic of a semiconductor device that 1s a semicon-
ductor device 100 from which a second field plate electrode
9 1s omitted (corresponding to sixth embodiment). From
FIG. 7 and FIG. 8, it 1s confirmed that a semiconductor
device 100 of an embodiment has a good electric field
distribution while reducing gate-to-drain capacitance. Also,
in the semiconductor device corresponding to the sixth
embodiment (dashed-two dotted line), Q5 1s reduced com-
pared to the comparison form. From the characteristic 1llus-
trated 1 FIG. 7, 1t 1s understood that the first field plate
clectrode 8 has a better effect of reducing gate-to-drain
capacitance than the second field plate electrode 9.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the mventions.
Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the mventions.

What 1s claimed 1s:

1. A semiconductor device comprising:

a first nitride semiconductor layer;

a second nitride semiconductor layer placed on the first
nitride semiconductor layer, the second nitride semi-
conductor layer having a larger bandgap than the first
nitride semiconductor layer;

a first electrode placed on the second nitride semiconduc-
tor layer, the first electrode being electrically connected
to the first nitride semiconductor layer;

a second electrode placed on the first nitride semiconduc-
tor layer, the second electrode being electrically con-
nected to the first nitrnde semiconductor layer;

a gate electrode placed between the first electrode and the
second electrode;

a first field plate electrode placed on the second nitride
semiconductor layer, the first field plate electrode hav-
ing the same height as the gate electrode; and

a second field plate electrode provided on an upper side of
the first field plate electrode, the second field plate
clectrode being placed on a side of the second electrode
compared to the first field plate electrode.

2. The device according to claim 1, further comprising an

insulation film between the first field plate electrode and the
second field plate electrode.
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3. The device according to claim 1, wherein the first field
plate electrode and the second field plate electrode are
clectrically connected to the first electrode.

4. The device according to claim 1, further comprising a
first conductive layer and a second conductive layer on the
gate electrode,

wherein a distance between the first conductive layer and

the second electrode 1s equal to or longer than a
distance between the gate electrode and the second
electrode, and

a distance between the second conductive layer and the

second electrode 1s equal to or longer than the distance
between the gate electrode and the second electrode.

5. The device according to claim 1, wherein a distance
between the gate electrode and the first field plate electrode
1s longer than 0.0 um and equal to or shorter than 10 pm.

6. The device according to claim 1, wherein the first field
plate electrode and the second field plate electrode overlap
with each other at least 1n a part 1n a laminate direction of
the first nitride semiconductor layer and the second nitride
semiconductor layer.

7. The device according to claim 1, wherein the gate
clectrode and the first field plate electrode are the same
conductive material.

8. The device according to claim 1, further comprising a
third field plate electrode placed on an upper side of the gate
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clectrode, the third field plate electrode being extended 1n a
direction of the second electrode, and the third field plate
clectrode being electrically connected with the first elec-
trode, and

a fourth field plate electrode between the second field
plate electrode and the second electrode.

9. A semiconductor device comprising:

a first nitride semiconductor layer;

a second nitride semiconductor layer placed on the first
nitride semiconductor layer, the second nitride semi-
conductor layer having a larger bandgap than the first
nitride semiconductor layer;

a first electrode placed on the first nitride semiconductor
layer, the first electrode being electrically connected to
the first mtride semiconductor layer;

a second electrode placed on the first nitride semiconduc-
tor layer, the second electrode being electrically con-
nected to the first nitride semiconductor layer;

a gate electrode placed between the first electrode and the
second electrode; and

a first field plate electrode directly 1n contact with the
second nitride semiconductor layer, the first field plate
clectrode having the same height as the gate electrode.
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